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Oligomeric Tubulin in Large Transporting Complex
Is Transported via Kinesin in Squid Giant Axons
ized form (Terada et al., 1996). This suggested that slow
axonal transport might share its mechanism with fast
axonal transport, which is dependent on microtubule-
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The University of Tokyo Graduate School based motors, and contradicted the classical polymer-
sliding hypothesis that insists cytoskeletal proteins areof Medicine
7-3-1 Hongo, Bunkyo-ku transported in a form of stable polymers. To further
investigate the molecular transport mechanism and theTokyo 113-0033
Japan form of transporting complex during slow axonal trans-
port, we constructed an in vitro experimental system†Laboratory of Supramolecular Biophysics
Research Institute for Electronic Science for observation of another cytoskeletal protein, tubulin,
on transport, using squid giant axons ex vivo (TerasakiHokkaido University
N-12 W-6, Kita-ku et al., 1995).
We injected labeled tubulin into squid giant axons andSapporo 060-0812
Japan monitored its fluorescent profile by both confocal laser
scanning microscopy (CLSM) (Figure 1A) and fluores-
cence correlation spectroscopy (FCS) (Figure 7A). We
could detect slow directional migration of labeled pro-Summary
teins at the compatible speed of slow axonal transport
in a real-time manner, and the perturbations due to phar-Slow axonal transport depends on an active mecha-
nism that conveys cytosolic proteins. To investigate macological agents and the functional blocking anti-
kinesin antibody revealed that this slow movementits molecular mechanism, we now constructed an in
vitro experimental system for observation of tubulin depended on kinesin function, not on the actomyosin
system. Moreover, the calculated translational diffusiontransport, using squid giant axons. After injecting fluo-
rescence-labeled tubulin into the axons, we monitored time of tubulin on transport by FCS was larger than
that of creatine kinase, but smaller than that of taxolthe movement of fluorescence by confocal laser scan-
ning microscopy and fluorescence correlation spec- stabilized tubulin, thus indicating that the tubulin mole-
cule was transported in a unique form of large trans-troscopy. Here, from the pharmacological experi-
ments and the functional blocking of kinesin motor porting complex distinct from those of stable polymers
or other cytosolic protein.protein by anti-kinesin antibody, we show that the di-
rectional movement of fluorescent profile was depen-
dent on kinesin motor function. The fluorescent corre- Results
lation function and estimated translational diffusion
time revealed that tubulin molecule was transported Distinct Transporting Profiles Were Observed
in a unique form of large transporting complex distinct in Squid Giant Axons
from those of stable polymers or other cytosolic There have been reported, largely, two groups of axonal
protein. transport systems in mammals, fast and slow axonal
transport (Grafstein and Forman, 1980; Lasek et al.,
Introduction 1984; Baas and Brown, 1997; Hirokawa et al., 1997;
Hirokawa, 1998; Nixon, 1998). First, we verified whether
Slow axonal transport conveys cytosolic proteins, in- the similar entities of transporting profiles might exist
cluding cytoskeletal proteins, at the speed of around 1 in squid giant axons. As possible fast axonal transport
mm per day (Grafstein and Forman, 1980; Lasek et al., cargoes, we used fluorescent carboxylated latex beads
1984; Baas and Brown, 1997; Hirokawa et al., 1997; and DiI-labeled axoplasmic vesicles from squid (Gilbert
Hirokawa, 1998; Nixon, 1998). Though its slow-transport and Sloboda, 1984; Schnapp et al., 1992; Bearer et al.,
profile and transporting constituents seem to be distinc- 1993), injected them into squid giant axons (Hiramoto,
tive from fast axonal transport, we do not know whether 1962, 1974; Kiehart, 1982; Terasaki et al., 1995), and
this makes up a unique entity of protein transport, due observed transporting fluorescent profile of each sam-
to the lack of the knowledge in its molecular mechanism ple by CLSM in a time-sequential manner (Terada et al.,
(Hirokawa et al., 1997; Hirokawa, 1998; Nixon, 1998). 1996) (Figures 1B and 1C). As shown in Figures 1B and
There is also some disagreement as to whether cytoskel- 1C, both of the samples traveled down the axons to the
etal proteins including neurofilament protein and tubulin right side, thus anterogradely, as the time goes by, but
are transported exclusively in subunit form or stable their transporting profiles were distinctive from each
polymer (Baas and Brown, 1997; Hirokawa et al., 1997). other. The transporting fluorescent signal from beads
Our previous study showed that, in axons of mouse moves en bloc, and with less trailing tails due to passive
dorsal root ganglion neurons in vivo, neurofilament pro- diffusion, compared to those of axoplasmic vesicles. To
tein is transported along microtubules in an un-polymer- estimate the transporting speed, we fitted each profile
with a 5-parameter modified Gaussian curve, and calcu-
lated the moving speed of gravity center of each fitted‡ To whom correspondence should be addressed: (e-mail: hirokawa@
m.u-tokyo.ac.jp). curve. In the case of the sample shown in Figure 1B,
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Figure 1. Microinjection of Fluorescence-Labeled Materials into Squid Giant Axons and Observation of Transporting Fluorescent Profile by
CLSM
(A) A glass capillary needle front-loaded with fluorescent materials was stabbed into squid giant axon laterally, and then loaded solution (in
this case, labeled tubulin) was microinjected. The fluorescent signal profile was measured time-sequentially along the longitudinal axis of the
axon. (Inset shows Alexa 488-labeled tubulin used through experiments. The left lane shows molecular markers (200, 116, 97.4, 66, 45 kDa,
respectively, from the top to the downward) and the dye front of electrophoresis (arrowhead). The middle lane shows CBB stained SDS-PAGE
gel and the right lane shows the UV-illuminated figure of the same sample). (B) Time-sequential photos (bar, 100 mm) and profiles of injected
20 nm fluorescent carboxylated latex beads, moving anterogradely (in this figure, to the right). (C) Time-sequential profiles of moving DiI-
labeled axoplasmic vesicles in giant axon. The asterisk (*) shows the remnant of the injected point and double-asterisk (**) shows the fluorescent
peak 123 min postinjection.
the estimated first 1 hr transporting speed was 49.6 mm/ longs to slow component b, traveling down the axon at
the speed of 2–8 mm/day) with Alexa 488 fluorescenthr. Contrary to our expectations, the moving speed of
latex beads in average was rather slow (see Discussion dye (Lim et al., 1989, 1990; Okabe and Hirokawa, 1990,
1992, 1993; Takeda et al., 1995; Funakoshi et al., 1996),for details). The moving speed of axoplasmic vesicles
is much faster, and the first 20 min and 2 hr transporting injected them into squid giant axons, and observed the
transporting fluorescent profile of each protein by CLSMspeeds estimated in the same way as above were 450.6 6
197.9 mm/hr (n 5 3), 221.2 6 21.0 mm/hr (n 5 3), respec- in the same way. As shown in Figures 2A and 2B, the
fluorescent profile of each protein traveled down thetively (Table 1). Second, we labeled tubulin (that belongs
to slow component a, traveling down the axon at the axon anterogradely. Both moving profiles showed sig-
nificant effect due to diffusion, but their transportingspeed of 0.2–1 mm/day) and creatine kinase (that be-
Tubulin Transport in Squid Giant Axons
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Table 1. Estimated Speed of Transport in Squid Giant Axons
Time from injection 20 min 60 min 120 min
Tubulin 149.2 6 43.6 34.2 6 14.7 38.7 6 16.9
(n 5 8) (n 5 4) (n 5 4)
Creatine kinase 151.7 6 49.6 84.9 6 11.6 98.2 6 16.9
(n 5 9) (n 5 5) (n 5 5)
Axoplasmic vesicles 450.6 6 197.9 ND 221.2 6 21.0
(n 5 3) (n 5 3)
Estimated speed of transport in squid giant axons (mm/hr). ND: not determined.
speed was much slower than that of axoplasmic vesi- was applied to the bath and injection solution at the
concentration of 20 mg/ml, its transport was significantlycles. As shown in Figures 2A and 2B and Table 1, both
blocked (estimated transporting speed was 60.9 6 24.1proteins were transported at similar speeds and time
mm/hr [n 5 5], *P , 0.01, t test) (Figures 3A and 3E).course at first. The transport speed of tubulin within 20
This blockage was not specific to tubulin transport, andmin after injection was 149.2 6 43.6 mm/hr (n 5 8) and
other cytosolic proteins examined were also stoppedthat of creatine kinase was 151.7 6 49.6 mm/hr (n 5 9).
by nocodazole treatment (see below for details). ButBut long-term (1 or 2 hr) measurement revealed that
when nocodazole was washed out, as shown in Figuresthe moving speed decreased time-dependently, and the
3B and 3E, axon regained its ability to transport tubulinspeed of creatine kinase (1 hr, 84.9 6 11.6 mm/hr [n 5
(estimated transporting speed was 140.7 6 32.1 mm/hr5]; 2 hr, 98.2 6 16.9 mm/hr [n 5 5]), was faster than that
[n 5 5]), confirming that the drug blocked tubulin trans-of tubulin (1 hr, 34.2 6 14.7 mm/hr [n 5 4]; 2 hr, 38.7 6
port reversibly, thus functionally. We conclude that in-16.9 mm/hr [n 5 4]) (Table 1); the estimated transporting
tact microtubule is necessary for this kind of transport.speed of creatine kinase at 1 or 2 hr from injection was
We further examined whether this tubulin transportabout 2.5 times faster than that of tubulin, both of which
is dependent on the actomyosin system. We appliedwere compatible within the range of slow axonal trans-
membrane-permeable actin-destabilizing agent, cyto-port rate. This time-dependent decrease in transporting
chalasin D, at the concentration of 2 mM, to a squidspeed was not due to any deteriorating effect on slow
giant axon in the same way as mentioned above. Thistransporting cargoes during observation in our system
time, even in the presence of a higher dosage of actinbecause there was no apparent difference in trans-
depolymerizing agent than the usual working concentra-porting profiles even after the preparation had been
tion, the moving speed of transporting profile was notsitting for an hour. When we injected tubulin immediately
significantly different from that of control specimen (esti-after dissection, the gravity center of each fitted curve
mated transporting speed was 99.9 6 34.9 mm/hr [n 5 5])traveled for 121.3 6 17.6 mm (n 5 4) and 194.4 6 24.5 mm
(Figures 3C and 3E). Then, we applied 2-,3-butanedione(n 5 4) from injection point at 1 hr and 2 hr postinjection,
monoxime (BDM), another membrane-permeable drug,respectively. This transporting distance measured later
which is known to block myosin ATPase but not to affectin the experimental process recapitulated the one of the
kinesin ATPase activity (Higuchi, 1989; Bi et al., 1997)initial trial. For example, even when the preparations
in the injection (by mixing saturated aqueous BDM solu-remained in standard internal solution for more than an
tion) or bath solutions (at the concentration of 50 mM).hour after dissection, the gravity center of each fitted
Again, both treatments did not interfere with tubulincurve for injected tubulin profile traveled for 122.0 6
movement significantly (estimated transporting speed36.3 mm (n 5 4) and 189.6 6 46.6 mm (n 5 4) from
was 132.0 6 45.5 mm/hr [n 5 5] in the case of mixinginjection point at 1 hr and 2 hr postinjection, respectively.
with injection solution and 114.8 6 56.0 mm/hr [n 5 12]
in the case of bath application) (Figures 3D and 3E). From
Both Tubulin and Creatine Kinase Transport Were these consequences, we deduce that the actomyosin
Dependent on Microtubules, Not system is not essential to tubulin transport in squid
on the Actomyosin System axons.
Next, we decided to examine what kind of molecular Then, in order to rule out the possibilities that the
motors are relevant to this slow transport in squid giant apparent difference of measured transporting velocities
axons. From our preceding experiment (Terada et al., between the initial and later (more than 1 hr after injec-
1996), we consider that the slow axonal transport might tion) time points might reflect any different mechanism
share its mechanism with that of the fast axonal trans- of transport, we repeated the same kind of pharmaco-
port, which is dependent on microtubule-based motors. logical experiments with creatine kinase using the long
But there is also another possibility that the actomyosin time points (Table 2). We measured the transporting
system also plays a role in slow axonal transport. To distance of creatine kinase from injection point after 1,
test these possibilities, we performed pharmacological 2, and 3 hr postinjection. During 1 and 2 hr postinjection,
experiments that disturb above two cytoskeletal sys- we applied nocodazole (at the concentration of 40 mg/
tems separately, and calculated the speed of the gravity ml), or cytochalasin D (at the concentration of 2 mM) to
center of transporting profiles in the same way as men- the bath. As shown in Table 2, the first transporting
tioned above. As shown in Figure 2A, tubulin was trans- distance per hour was not different from control speci-
ported actively in giant axon, but when the membrane- men (control, 128.7 6 91.1 mm [n 5 3]; nocodazole treat-
ment, 127.6 6 55.5 mm [n 5 3]; cytochalasin D treatment,permeable microtubule-destabilizing agent nocodazole
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Figure 2. Transporting Fluorescent Profiles of Cytoplasmic Proteins
A-tubulin; B-creatine kinase. Each profile was averaged, overlaid and fitted with 5-parameter Gaussian curve, and the transporting speed of
its gravity center was estimated (see Table 1). Both the transporting profiles of tubulin and creatine kinase along axonal axis moved anterogradely
(note that the right direction is distal) in a similar shape and speed in early phase (about 20 min from injection) (A and B, left), but longer
measurement (1–2 hr) revealed that creatine kinase is transported faster than tubulin (A and B, right).
135.5 6 97.3 [n 5 3]), but only nocodazole treatment kinase, in the squid axon is dependent on intact microtu-
profoundly inhibited transport during 1 and 2 hr postin- bules; thus microtubule-dependent motors, kinesin or
jection (control, 369.9 6 39.1 mm [n 5 3]; nocodazole kinesin superfamily proteins are strong candidates for
treatment, 222.8 6 77.4 mm [n 5 3]; cytochalasin D their movement (Hirokawa et al., 1997; Hirokawa, 1998;
treatment, 326.3 6 69.7 [n 5 3]). This inhibition was Nixon, 1998). To examine this possibility, we used AMP-
reversible, because the following observation during 2 PNP, a nonhydrolyzable analog of ATP specific to
and 3 hr postinjection demonstrated that the transport kinesin or kinesin superfamily proteins (Vale et al., 1985),
recovered after drug removal (control, 498.9 6 48.8 mm to affect tubulin transport in squid axons. We mixed
[n 5 3]; nocodazole treatment, 411.9 6 33.6 mm [n 5 AMP-PNP in injection solution, and observed its effect
3]; cytochalasin D treatment, 438.3 6 52.3 [n 5 3]). These on tubulin transport. As shown in Figure 4, tubulin trans-
pharmacological effects on creatine kinase transport port was partially inhibited by AMP-PNP treatment
are well consistent with the preceding data of tubulin dose-dependently. This effect was apparent especially
transport measured at earlier time points, and support in the first 0–15 min sequences from injection, and later,
the idea that both initial rates of transport and those at as AMP-PNP was diluted in axoplasm, tubulin transport
later time points were dependent on microtubules. was recovered (see difference between Figures 4A, 4C,
4E and 4B, 4D, 4F, respectively). For example, during
the first 0–15 min sequences from injection, estimatedBoth Tubulin and Creatine Kinase Transport Were
speed of moving profile in the case of 0.8 M AMP-PNPInhibited by AMP-PNP Reversibly
treatment was 52.4 6 3.4 mm/hr (n 5 4), and significantlyFrom above-mentioned results, anterograde transport
of cytoplasmic proteins, including tubulin and creatine slower than that of control specimen (189.8 6 77.6 mm/
Tubulin Transport in Squid Giant Axons
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Figure 3. Tubulin Transport in Squid Giant Axon Was Disturbed by Nocodazole Treatment, but Not by Cytochalasin D nor BDM Treatments
(A) Nocodazle disrupted tubulin transport. (B) After washing out nocodazole, axon regained tubulin transport. Cytochalasin D (C) and BDM
(D) treatment were indifferent to tubulin transport (E). In (E) and all the vertical box plots following, each bar shows 5th/95th percentile values,
and each colored column shows 25th/75th percentile values with median (solid line) and mean (dotted line) values.
hr [n 5 4], *P , 0.05, t test). But later, during the 15–40 In addition, we also examined the effect of AMP-PNP
on the transporting distance of creatine kinase frommin sequences, the transporting speed of each case
was reduced, but not different from each other (Figure injection point after 1, 2, and 3 hr postinjection. At 1 hr
postinjection, we reinjected almost the same amount of5) (78.9 6 11.6 mm/hr [n 5 5] in the case of 0.8 M AMP-
PNP, and 81.2 6 20.9 mm/hr [n 5 5] in the case of 1 M AMP-PNP as creatine kinase around the peak of
transporting profile. (As a control experiment, we rein-control specimen). This dose-dependent and reversible
blockage of tubulin transport by AMP-PNP ensures that jected 1 M potassium isothionate in the same way). As
shown in Table 2, the first transporting distance per hourkinesin or kinesin superfamily proteins are strong candi-
dates for its transport. (As a control experiment, we between samples was consistent (control, 139.7 6 97.4
mm [n 5 3]; AMP-PNP treatment, 125.4 6 22.2 mm [n 5mixed potassium isothionate in injection solution, and
we could not find any changes in tubulin transport (Fig- 4]); but AMP-PNP treatment inhibited transport during
1 and 2 hr postinjection significantly (control, 378.3 6ures 4G and 4H).)
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Table 2. Estimated Translocating Distance of Injected Creatine Kinase in Squid Giant Axons
Time from Injection 60 min 120 min 180 min
Control 128.7 6 91.1 369.9 6 39.1 498.9 6 48.8
(n 5 3)
Nocodazole 127.6 6 55.5 222.8 6 77.4 411.9 6 33.6
(n 5 3)
Cytochalasin D 135.5 6 97.3 326.3 6 69.7 438.3 6 52.3
(n 5 3)
K-isothionate 139.7 6 97.4 378.3 6 90.9 502.9 6 113.4
(n 5 3)
AMP-PNP 125.4 6 22.2 163.9 6 72.1 312.4 6 65.8
(n 5 4)
Estimated translocating distance of injected creatine kinase in squid giant axons (mm).
90.9 mm [n 5 3]; AMP-PNP treatment, 163.9 6 72.1 mm Both cytoskeletal structures look similar and we rule out
the possibility of specific structural damage by H2 that[n 5 4], *P , 0.05, t test). This inhibition again turned
out to be reversible at 3 hr postinjection, because the could affect tubulin transport. Second, we depleted H2
Fab fragment solution by recombinant kinesin heavytransport recovered after drug dilution in the axoplasm
(control, 502.9 6 113.4 mm [n 5 3]; AMP-PNP treatment, chain beads, applied the solution to extruded axoplasm,
and observed tubulin transport in the same way (Figures312.4 6 65.8 mm [n 5 4]). These results are again consis-
tent with the above-mentioned data at earlier time 6C and 6D). This time tubulin transport was not per-
turbed significantly and estimated speed was 128.9 6points.
13.1 mm/hr (n 5 4). From these consequences, we de-
duced that H2 Fab fragment directly bound kinesin, andAnti-Kinesin Heavy Chain Antibody, AMP-PNP,
thus inhibited tubulin transport in extruded axoplasm.and Apyrase Treatments Inhibited Tubulin
As shown in Figure 6D, we could also observe tubulin-Transport in Extruded Axoplasm
transport blockage by AMP-PNP in extruded axoplasm.As we assured that tubulin transport in squid axons
This time, transport of tubulin was significantly blockedis microtubule-based motor dependent, we next tried
by 4 mM of AMP-PNP (estimated transporting speedwhether extruded axoplasm shows the similar transport
was 54.7 6 26.8 mm/hr [n 5 5], *P , 0.01, t test). Inability. When axoplasm is extruded with pressure, a gap
addition, ATP depletion by bath-applied apyrase (at thebetween axon membrane and axoplasm appears at cor-
concentration of 10 U/ml) treatment almost completelytical actin meshwork, and slipping out along this gap
inhibited tubulin movement in axoplasm (estimatedsqueezes intact axoplasm out (Metuzals and Tasaki,
transporting speed was 18.3 6 17.1 mm/hr [n 5 5], *P ,1978). Even in this extruded axoplasm, we could observe
0.01, t test) (Figure 6D). Collectively, these results alsotubulin transport when we injected enough tubulin. The
support the idea that tubulin transport in giant axons ismoving velocity of the gravity center of profiles during
dependent on ATPase motor, kinesin.the first 20 min from injection was 129.2 6 21.2 mm/hr
(n 5 5), which is compatible with a previous experiment
(data not shown). Thus, again, tubulin transport was FCS Measurement Detected Fluorescence-
Labeled Protein Movement in Squid Gianthardly dependent on actin filament.
To test the hypothesis that kinesin might transport Axons and Revealed Association
between Proteins on Transporttubulin in squid axons, we next tried a functional
blocking experiment using antibody against kinesin and the Cytoskeleton
FCS is a brand new and very sensitive assay, which canheavy chain (H2) (Hirokawa et al., 1989; Pfister et al.,
1989; Brady et al., 1990). To our best knowledge, this principally detect even a single fluorescent molecule
moving or fluctuating in solution (Rigler and Widengren,antibody is the only functional blocking antibody that
can interfere with squid motor protein function in in 1990; Rigler et al., 1992, 1993; Kinjo and Nishimura,
1997; Kinjo, 1998a, 1998b) (Figure 7A). By calculatingvitro motility assay. To avoid possible artificial effect by
cross-linking reaction by divalent antibody, we prepared the autocorrelation function of such fluctuating signals
of fluorescence in femto-liter-volume solution, we canFab fragment. As shown in Figures 6A and 6B, at the
concentration that can block motility in vitro (0.4 mg/ (1) measure the intensity or number of fluorescent mole-
cules in the volume and (2) estimate the diffusion timeml), H2 Fab fragment suppressed tubulin movement in
extruded axoplasm (estimated transporting speed was of the fluorescent molecules. When we apply this tech-
nique to our system, above-mentioned observations65.5 6 44.4 mm/hr [n 5 4], *P , 0.05, t test), while control
normal mouse IgG Fab fragment did not (estimated could lead us to deduce when the peak of transporting
fluorescent molecules arrives at the measured pointstransporting speed was 147.1 6 32.4 mm/hr [n 5 4]),
thus confirming our hypothesis. and how large the transporting complex containing fluo-
rescent molecules is, in a real-time manner. We injectedTo verify this inhibitory effect of H2 Fab fragment fur-
ther, we performed two experiments. First, we observed fluorescence-labeled tubulin and creatine kinase into
unextruded squid giant axons, and carried out FCS mea-the axoplasm by electron microscopy after Fab frag-
ment treatment. As shown in Figures 6A and 6B, there surements at both distal and proximal positions of 400
mm from the injection point. (Block and schematic dia-was no difference regarding ultrastructure of treated
axoplasm samples, both by H2 and normal mouse IgG. gram of FCS setup is shown in Figures 7Aa–7Ac). Based
Tubulin Transport in Squid Giant Axons
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Figure 4. Tubulin Transport in Squid Giant Axon Was Inhibited by AMP-PNP Dose-Dependently and Reversibly
Left column (A, C, E, and G) shows the total sequences of observation, and right column (B, D, F, and H) shows the first 18–19 min sequences
(early phase). (A and B) AMP-PNP (0.08 M) in injection solution (130 pl). (C and D) AMP-PNP (0.15 M) in injection solution (130 pl). (E and F)
AMP-PNP (0.8 M) in injection solution (160 pl). (G and H) Potassium isothionate (0.8 M) in injection solution (160 pl). Tubulin was transported
anterogradely in all the total sequences, but in the early phase, its movement was inhibited by AMP-PNP dose-dependently.
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gation in distal points compared to proximal points (Fig-
ures 8E and 8F). This indicated that transporting com-
plex containing fluorescence-labeled proteins might
have a significant interaction with the putative driving
machinery, such as cytoskeletal components via motor
proteins; thus fluctuation of actively transported com-
plex in axoplasm is more limited compared to passively
diffusing complex.
Tubulin Transporting Complex Was Larger
in Diffusion Time Than Creatine Kinase,
but Smaller Than Taxol-Stabilized Tubulin
Interestingly, the diffusion time of tubulin on transport
in the distal region (average 0.97 ms) was much longer
than that of creatine kinase (average 0.45 ms), and theo-
retically, the estimated molecular weight of the tubulin
transporting complex could be eight times bigger than
that of creatine kinase (Figures 8E and 8F). However, the
molecular weights of tubulin (54–55 kDa) and creatine
kinase (81–83 kDa (dimer)) are not much different ac-
cording to the literature, thus indicating that tubulin and
creatine kinase could be transported in a different man-
ner such as in different protein complexes with differentFigure 5. Comparison of the Estimated Transporting Speed be-
sizes.tween AMP-PNP (0.8 M) and Potassium Isothionate (0.8 M)
We also performed analysis on the diffusion proper-Immediately after injection (0–15 min), AMP-PNP inhibited the move-
ties of taxol-treated tubulin by using FCS, but at 400ment of tubulin, but later (15–40 min) the movement recovered to
the same level of the control specimen. mm from the injected point, the fluorescence intensity
did not elevate enough for usual FCS analysis because
taxol-treated tubulin was not transported satisfactorily
from the injected point. However, the estimated diffusion
on the time trace of measured fluorescence fluctuation, time of taxol stabilized tubulin was 2.74 ms for the distal
the autocorrelation function was calculated, and fitted region and 2.49 ms for the proximal region on average,
with a simple one-component model. (Sample traces of much longer than that of tubulin and creatine kinase.
measured fluorescence fluctuation, calculated autocor-
relation function, and residuals between fit and mea-
Discussionsured correlation curves are shown in Figures 7Ba–7Bd;
see Experimental Procedures for details.) One of the
In this paper, by making the best use of large-sizedtypical changing profiles of fluorescence intensity, num-
and translucent squid giant axons, we constructed anber of molecules and diffusion time in a time-sequential
experimental system that can observe squid axonalmanner is shown in Figure 8. In all cases, we could
transport ex vivo in a real-time mode. Time-lapse re-measure the fluorescent signal as early as within 1 min
cordings by CLSM, with a low-magnification lens, en-at a distance of 400 mm from the site of injection, and
abled us to detect this movement. Regarding the entitiesthis initial signal detection is thought to reflect mainly
of transporting systems, we verified three kinds of car-the diffusion phenomena (this signal could not be de-
goes: latex beads, axoplasmic vesicles, and cyto-tected by CLSM because of its lower sensitivity). In each
plasmic proteins. The most prominent difference dwellscase of tubulin and creatine kinase, the moving speed
in their transporting profiles. Because our way of esti-of main peaks is much slower than that of diffusional
mating transporting speed (Gaussian curve fitting) is notprocess. In the case of tubulin, the fluorescence inten-
equivalent to that of other experimental systems, likesity of distal point increased to its peak at about 7 min,
classical metabolic labeling studies, we cannot compareand in the case of creatine kinase, about 4 min from
our speed data hastily with the previous studies as theyinjection (Figures 8A and 8B). This transient increase of
are. But our data could demonstrate that even in squidfluorescent intensity at the distal point well reflects the
giant axons, latex beads, axoplasmic vesicles, and cyto-arrival of actively transported signal-intensity peaks,
plasmic proteins have very distinctive transporting pro-and its time course is well consistent with the previous
files and that there are at least two different entities inCLSM measurement (see and compare the changes of
cytoplasmic transport systems, faster and slower. Thesignal strength at 400 mm distal from the putative injec-
bead profiles showed the least diffusional effect andtion site in Figures 2A and 2B with the data in Figure 8,
suggested rather homogenous transporting efficiencyfor example). Furthermore, the number of fluorescence
among cargo population. Though the preceding in vitromolecules, which was calculated from fluctuation of flu-
motility assay suggested that negatively charged car-orescence intensity of focal point of FCS, changed in a
boxylated latex beads could be conveyed by kinesin atsimilar manner as the fluorescence intensity, thus con-
the compatible speed of fast axonal transport (Vale etfirming anterograde transport of both proteins in axons
al., 1985), our data showed that their transporting speedex vivo (Figures 8C and 8D).
as a population in vivo was much slower. Also, retro-Further, calculated diffusion time of both proteins
based on FCS measurement revealed significant prolon- spectively, our results are compatible with the previous
Tubulin Transport in Squid Giant Axons
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Figure 6. Extruded Axoplasm Could Support Tubulin Transport, Which Was Sensitive to Anti-Kinesin Heavy Chain Antibody (H2), AMP-PNP,
Apyrase Treatment
When H2 Fab fragment was applied to the extruded axoplasm, tubulin transport was inhibited (A), but in the case of normal mouse IgG Fab
fragment, there was no significant suppression (B). Both in (A) and (B), cytoskeletal structures of longitudinal section of Fab fragment-treated
axons, observed by electron microscopy, look similar (bar, 500 nm; arrowheads show microtubules). (C) shows the moving profiles of tubulin
after H2 Fab fragment solution preabsorbed with kinesin heavy chain beads. (D) shows comparison of the estimated transporting speed of
each case with normal mouse IgG Fab fragment (B), AMP-PNP, apyrase, anti-kinesin heavy chain antibody Fab fragment (A), and anti-kinesin
heavy chain antibody Fab fragment preincubated with kinesin heavy chain beads (C).
data by Terasaki et al. (1995) that negatively charged latex-bead movement; the beads can be transported at
the speed of fast axonal transport transiently, but as alatex beads moved in squid axoplasm at the average
speed of 0.02 mm/s but at the maximum speed of 0.4 population, their speed on average is much slower. In
contrast, the vesicle profiles showed more diffusionalmm/s. We believe our data reflect this average speed of
Cell
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Figure 7. FCS Setup and Measured Correlation Curves of Fluorescent Tubulin and Creatine Kinase in Axons
(A) (a) Block diagram of FCS setup. Sample droplet (or squid giant axon) is excited with laser beam through the objective, emission light is
detected by an avalanche photodiode (APD) and fluctuation of fluorescent signals are analyzed by a digital correlator system. IF, interference
filter; DM, dichroic mirror; F, long path filter. (b) Schematic diagram of FCS detection portion. Laser beam is focused in sample droplet on
the coverglass. (c) Volume element is indicated by cylindrical region in focused volume with radius (w0) and length (2z0). Circular marks
represent movement of fluorescent molecules in aqueous solution by Brownian motion.
Tubulin Transport in Squid Giant Axons
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Figure 8. Fluorescence Intensity, Number of
Molecules, and Diffusion Time of Fluores-
cence-Labeled Tubulin and Creatine Kinase,
Measured by FCS
Changes of fluorescence intensity (A and B),
number of molecules (C and D) and diffusion
time (E and F) of fluorescence-labeled tubulin
(left column) and creatine kinase (right col-
umn). FCS measurements were carried out at
each time point of figures. Closed and open
symbols are FCS measurements carried out
at distal and proximal position from injected
point, respectively.
effect and did not move en bloc like fluorescent beads, slower than that of axoplasmic vesicles. Interestingly,
tubulin, which belongs to slow component a in mamma-but their moving speed was much faster. Due to the
technical difficulties, only rather weakly fluorescence- lian axonal transport, traveled down the axon slower
than creatine kinase, a constituent of slow componentlabeled vesicles could be used for the experiment; we
could not increase the fluorescent signal by too much b. This difference of speed was not apparent at the
first 20 min measurement, but succeeding long-termlabeling or concentration of vesicles. Fluorescent vesi-
cles are easily aggregated. So the estimated trans- measurement (1–2 hr) revealed a clear difference be-
tween the two proteins; the speed of tubulin in our sys-porting speed here might underestimate the real speed
of membranous organelles in vivo. We might overlook tem was about 0.8 mm/day and that of creatine kinase
is 2.2 mm/day. The fact that the initial estimated speedthe more fast-moving population below the detection
level, but at least their speed is one order higher, com- of the transporting profiles was faster than the one later
means that assembly of the transporting cargo occurspared with those of cytoplasmic proteins. The moving
profiles of cytoplasmic proteins also suggested signifi- in a relatively short time-scale. So, the initial rate well
reflects the maximum speed of cargoes on transport,cant influence by diffusion, but their speed was much
(B) Time trace of measured fluorescence fluctuation (upper), calculated autocorrelation function (middle) and residuals between fit and
measured correlation curves (lower). (a) Tubulin in distal at 7 min after injection: particle numbers, 107; diffusion time, 0.957 ms. (b) Tubulin
in proximal at 7 min after injection: particle numbers, 4.5; diffusion time, 0.845 ms. (c) Creatine kinase in distal at 4 min after injection: particle
numbers, 8.0; diffusion time, 0.362 ms. (d) Creatine kinase in proximal at 4 min after injection: particle numbers, 0.76; diffusion time, 0.075 ms.
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and there was no significant difference between tubulin AMP-PNP is a nonhydrolyzable analog of ATP with a
broad spectrum, the effect on motility of this drugand creatine kinase at the first 20 min measurement.
But, as suggested from the FCS data (see discussion against kinesin is very strong and drastic, compared to
other ATPase motor molecules, for example myosin.below), the interaction between cargoes and tracks is
presumed to be transient and the molecules off the The basis of this effect lies in the fact that AMP-PNP
stops the ATPase cycle of kinesin in the state of rigortransport easily diffuse into axoplasm. Observation by
CLSM could not detect these diffusing molecules, thus binding with microtubule tracks (Hackney, 1996). This
rigor binding was key and unique in nature for purifica-the average transporting speed as a whole decreases
in a time-dependent manner. When we observe the sam- tion of kinesin from other motors and ATPase (Vale et
al., 1985). In marked contrast with this, in the case ofples for a long time (more than 1 hr (Table 1)), the trans-
porting speed seems to converge to the value, which is myosin, AMP-PNP stops the cycle of ATPase at the
stage of weak binding state with tracks, not in the rigorcompatible with the data of metabolic labeling studies.
Strictly speaking, we cannot measure the transporting binding state. Thus, the inhibition by AMP-PNP on motil-
ity supported by myosin is rather weak. As far as wespeed in an equilibrated state in our system (because
the observation time is limited), but we believe that the know, this strong inhibitory action of AMP-PNP on motil-
ity, even in low concentration, is unique to kinesin orconverged value observed later well reflects the average
speed in vivo. These figures are well consistent with the kinesin superfamily proteins. This is why we consider
that the inhibitory effect of AMP-PNP is directly relevantpreceding metabolic labeling data. In addition, another
protein, actin, which belongs to slow component b, trav- to kinesin function. Our next experiment using functional
blocking antibody against kinesin also reinforced thiseled down the axon at the speed of 72.92 mm/hr (n 5
2, the first 2 hr measurement) and its moving profile idea. We used Fab fragment of H2 antibody to avoid
possible artificial effect, and confirmed that this treat-was similar to that of creatine kinase (data not shown).
Collectively, these results remind us of the classical ment did not perturb cytoskeletal architecture of ex-
truded axoplasm by electron microscopy. The fact thatclassification of mammalian axonal transport, which
groups the transporting cargoes as fast, slow compo- anti-kinesin heavy chain antibody could block the tu-
bulin transport significantly further strengthened thenent a, and slow component b. We believe that the basic
mechanism of both fast and slow axonal transport is idea that kinesin is a key molecule for slow axonal trans-
port. As several independent laboratories, includingshared by various animals, including squids, rats, or
humans. As in the case of the discovery of kinesin as a ours, reported previously, the majority of tubulin mole-
cules is transported in an unpolymerized form in axonsfast axonal transport motor, we could learn much about
the slow axonal transport mechanism from the squid (Okabe and Hirokawa, 1988, 1990, 1992, 1993; Lim et
al., 1989, 1990; Sabry et al., 1995; Takeda et al., 1995;giant axon system.
Regarding this “slow” axonal transport of cytosolic Campenot et al., 1996; Funakoshi et al., 1996; Miller and
Joshi, 1996; Chang et al., 1999). Though there is a groupproteins in squid giant axons, we applied two different
methods in principle, CLSM and FCS, to monitor the insisting on the hypothesis that tubulin might be trans-
ported in a polymerized form by cytoplasmic dyneinslow directional movement. As for the CLSM assay, we
tried several kinds of cytosolic proteins (data not anchored to the cortical actin network via dynactin com-
plex (Dillman III et al., 1996a, 1996b; Ahmad et al., 1998;shown), including tubulin and creatine kinase. All of them
were transported anterogradely and transporting pro- Baas, 1999), our results showed that this was not the
case in squid giant axons.files of injected proteins looked similar in shape and did
not depend strongly on molecular weight nor pI value To monitor the state of putative transporting complex
on slow axonal transport in vivo, we utilized FCS, whichof each protein. This means that, regarding (slow axonal)
transport of cytosolic proteins, the relationship between is presumed to provide us with two important parame-
ters of interest: the number of molecules in a smallmotor proteins and cargoes is not so much specific with
each other. At least, some specific motor proteins can sample volume and the translational diffusion time of
molecules. Though invented more than 20 years agotransport plural kinds of cargoes.
Our several pharmacological experiments and func- (Ehrenberg and Rigler, 1974; Elson and Magde, 1974;
Koppel, 1974; Magde et al., 1974), FCS has not beentional blocking experiment of motor proteins using anti-
kinesin antibody showed that slow axonal transport in applied in the field of biology until recently (Eigen and
Rigler, 1994; Maiti et al., 1997), and to our best knowl-squid giant axons is strongly dependent on intact micro-
tubules and microtubule-based motors, not on the acto- edge, this report is one of the earliest successful appli-
cations in biology, using in vivo experimental system.myosin system. Reversible blockage of tubulin or cre-
atine kinase transport in giant axons by nocodazole but First of all, the time-lapse recording of fluorescence
intensity and molecule number revealed and confirmednot by cytochalasin D clearly demonstrated that micro-
tubule-based motors are essential to their transport. that we could surely observe the slow transporting mole-
cules in vivo (Figures 8A–8D). Moreover, measured diffu-Following dose-dependent or reversible blockage of tu-
bulin or creatine kinase transport by AMP-PNP also sion time of both tubulin and creatine kinase was signifi-
cantly larger in the distal region of the injection point,strongly suggested that the participating motors are
kinesin or kinesin superfamily proteins. Both initial rates thus implicating association between transporting pro-
teins and the cytoskeleton, presumably microtubulesof tubulin transport and those of creatine kinase at later
time points responded in the same way to the pharmaco- (Figures 8E and 8F). We consider that this interaction
might be transient and fairly weak, and we imagine thatlogical treatments, demonstrating that both initial and
later rates are relevant for the analysis of slow axonal the population of proteins on active transport might be
small in population, compared to the number of proteinstransport, and dependent on kinesin function. Though
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umes of standard internal solution for squid that contained (in mM)diffusing freely in axoplasm for several reasons. First of
NaCl (60), KCl (70), potassium aspartate (100), potassium isothionateall, we did not have to use multicomponent analytical
(160), taurine (100), glycine (18), betaine (75), HEPES (10), and MgCl2model to analyze the measured autocorrelation function
(10) (pH 7.4), filtrated (pore size 0.45 mm), and used for injection.
(see residuals between fit and measured correlation Purification and Labeling Axoplasmic Vesicles from Squid
curves in Figure 7B). If the interaction between moving Giant Axons
proteins and the cytoskeleton were strong and/or the Freshly frozen samples of squid axoplasm (Heterololigo bleekeri,
Todarodes pacificus pacificus, or Loligo pealei) were collected fromtransporting proteins were large in population, we could
live Japanese squids or purchased from Calamari Inc. (Falmouth,not fit the autocorrelation curve with a simple one-com-
MA, USA) (see below for details of dissection). For purification andponent model in a satisfying manner. In addition, one
labeling axoplasmic vesicles, we used combined protocol by Gilbert
could imagine an extraordinary prolongation of diffusion and Sloboda (1984), Schnapp et al. (1992), and Bearer et al. (1993).
time if most of the transporting proteins were tightly Briefly, the axoplasm is diluted in 2.5 volumes of standard internal
interacted with the cytoskeleton. We believe that, when solution, supplemented with (in mM) ATP (2), PMSF (Phenylmethyl-
sulfonyl fluoride) (1), leupeptin (0.21), pepstatin A (0.145), TAME (Nmore detailed quantitative analysis is necessary, multi-
a-p-Tosyl-L-arginine methyl ester hydrochloride) (0.26), benzami-component FCS analysis should be applied to obtain
dine (10), DTT (dithiothreitol) (2), and KI (600). The sample was ho-the distribution function of diffusion time, but it was to
mogenized quickly, added with 1/10 volume of saturated DiIC18 (Mo-our great surprise that a nonideal model like a one-
lecular Probes, Eugene, OR, USA) ethanol solution, incubated on
component model was really applicable for high biologi- ice for 10 min, and diluted 1:1 with standard internal solution with
cal complexity such as cell systems. protease inhibitors only (No KI). The axoplasm solution was then
placed over a sucrose step gradient of 12%, 15%, 45% sucrose,Interestingly, the diffusion time of tubulin estimated
respectively, made up in standard internal solution with proteaseby FCS was longer than that of creatine kinase and this
inhibitors, from the top. The samples were spun at 100,000 3 gdifference could not be explained by their difference in
for 90 min at 48C. Labeled organelles migrated into the 15%–45%molecular weight. We consider that the size of trans-
interface of sucrose layer and formed a visible layer. When neces-
porting complex containing tubulin as a cargo would be sary, we concentrated the organelles by centrifugation and used
much larger than another transporting complex con- for injection.
taining creatine kinase, and this idea might explain the
Labeling Proteinsdifferent transport speed of slow component a and b
Alexa 488-labeled tubulin was obtained by protocols described ear-constituents. To date, we do not know why the speed
lier, with modifications (Lim et al., 1989, 1990; Okabe and Hirokawa,of slow components a and b are different, but we believe
1990, 1992, 1993; Takeda et al., 1995; Funakoshi et al., 1996). Briefly,
that this kind of size difference could explain the reason. tubulin was purified from porcine brain, with four cycles of polymer-
The constituents of transporting complex would be dif- ization and depolymerization process. Purified tubulin was then po-
lymerized, centrifuged in a glycerol supplemented solution con-ferent between slow components a and b.
taining (in mM) HEPES (100), EGTA (1), and MgCl2 (1) (pH 8.5), andMoreover, when we injected taxol-stabilized tubulin,
labeled with Alexa 488 succinate at 378C for 30 min. The labelingthe estimated diffusion time was even longer than that
reaction was stopped by adding about two volumes of glycerolof tubulin. As diffusion time is a sensitive indicator of
supplemented stop mix solution containing (in mM) PIPES (200),
polymerization of tubular structure, such as microtu- EGTA (1), MgCl2 (1), and potassium glutamate (200) (pH 6.8). Free
bules, we consider that this increase originates from dye and denatured tubulin were removed by two cycles of polymer-
ization and depolymerization process in a BRB-80 solution con-tubulin polymerization. Difference in diffusion time be-
taining (in mM) PIPES (80), EGTA (1), and MgCl2 (1). Final polymerizedtween tubulin on transport and taxol-stabilized tubulin
pellet was homogenized in standard internal solution for squid, cen-strongly suggests that tubulin is transported not in a
trifuged, and supernatant was examined with SDS-PAGE to ensureform of stable polymers, but in a form of small subunits
its purity (by Coomassie Brilliant Blue staining) and absence of free
with less diffusion time. Thus, again, the classical poly- unconjugated dye (by UV illumination) (Figure 1A, inset). Taxol-stabi-
mer-sliding hypothesis that insists on the polymerization lized tubulin was derived by incubating Alexa 488-labeled tubulin
of cytoskeletal proteins as a prerequisite for slow axonal with 20 mM of paclitaxel (Wako, Tokyo, Japan) for 5–30 min at room
temperature. Creatine kinase was labeled with Alexa 488 succinatetransport cannot be reconciled with these data.
dye (Molecular Probes, Eugene, OR, USA) according to the manu-This study represents a real-time record of trans-
facturer’s instruction with modifications.porting cytosolic proteins in axons, suggesting the im-
portant molecular function of kinesin in slow axonal Preparation of Squid Giant Axons
transport. Though we know that various kinds of dis- Live Japanese squids (Heterololigo bleekeri and Todarodes pacif-
eases like amyotrophic lateral sclerosis, diabetes, or icus pacificus) were obtained through local fish distributors for su-
shi-shops. Giant axons (the hindmost stellar nerves) were preparedhypothyroidism compromise the slow axonal transport,
according to the methods described earlier with slight modificationsthe slow axonal transport mechanism of cytoplasmic
(Metuzals and Tasaki, 1978; Vale et al., 1985; Gallant, 1988; Bradyproteins has not been elucidated extensively, compared
et al., 1990; Terasaki et al., 1995). Briefly, a pair of giant axons withwith the case of membranous proteins (Vale et al., 1985; fin nerves was dissected out in ice-cold artificial seawater. Then,
Kuznetsov et al., 1992; Hirokawa et al., 1997; Nixon, they were transferred to the ice-cold standard internal solution for
1998; Hirokawa, 1998). But using this system, we believe squid, and cleaned to remove fin nerves as much as possible. During
dissection, the injured axons, which showed “white spot” in axo-that we will be able to clarify the molecular mechanism
plasm, were discarded. Dissected axons were ligated with both endsof cytoplasmic protein transport in a cell, one of the
and enclosed into a glass chamber, with a cantilevered coverslipmost generalized problems in cell biology.
as the top, for protein injection. When necessary, axoplasm was
extruded into ice-cold standard internal solution supplemented with
(in mM) ATP (2), and protease inhibitors.Experimental Procedures
Microinjection ProceduresMaterials for Injection
InjectionFluorescent Beads
Injection technique used was described earlier (Hiramoto, 1962,FluoSpheres, carboxylate-modified microspheres (20 nm in diame-
ter) (Molecular Probes, Eugene, OR, USA), were diluted in ten vol- 1974; Kiehart, 1982; Terasaki et al., 1995). Briefly, samples for injec-
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tion were charged by front-loading with glass capillaries attached Nishimura, 1997; Kinjo, 1998a, 1998b). FCS measurement was per-
formed using a fluorescence correlation measurement system (Con-to a manipulator (MM-3, Narishige, Tokyo, Japan), then injected
into giant axons from lateral side with pressure. When we injected foCor, Carl Zeiss Jena GmbH, Jena, Germany) with a 340 water-
immersion objective (C-apochromat, 1.2 N.A.) at room temperature.samples into giant axons, we controlled the amount of samples to
be injected within 160 pl, because overload injection often impaired Excitation laser wavelength and power were 488 nm and 10 mW,
respectively. The squid giant axon on a coverglass was set on thethe transporting profiles of the specimen. In contrast, when we
injected samples into extruded axoplasm, we injected up to 400 pl objective within a small chamber to prevent solvent evaporation
during measurement (1 min). Overall FCS setup is shown in Fig-because injected samples were rapidly diffused into a surrounding
solution. ure 7A.
The fluorescence autocorrelation function (G(t)) was fitted to aDrug Application
Nocodazole, cytochalasin D, and BDM (All from Sigma, St. Louis, simple one-component model with the average number of fluores-
cence molecules (N), the translational diffusion time of the fluores-MO, USA) were applied to both bath and injection solution. AMP-
PNP (Sigma, St. Louis, MO, USA) was mixed with injection solution cent molecule t1, according to:
when injected into giant axon as it was, or applied to the bath
directly when tubulin was injected into extruded axoplasm. Apyrase
G(t) 5 1 1
1
N(1 2 Teq) 1 11 1 t
t1
! 1
1 1 s2 ·
t
t1
2 31 2 Teq11 2 exp12 ttT224 (1)(Sigma, St. Louis, MO, USA) was applied to the bath solution with
appropriate concentration.
with, t1 5 wo2/4D and S 5 wo/zo, where wo is the radius of theAntibody Preparation, Depletion by Recombinant Kinesin
detection field (volume element), 2zo is the field length, D is theHeavy Chain, and Application
translational diffusion constants of fluorescent molecule, Teq is tripletFab fragment of anti-kinesin heavy chain monoclonal antibody (H2)
amplitude and tT is triplet time constant, respectively (Figure 7B).(Chemicon, Temecula, CA, USA and a kind gift from Dr. Bloom)
The diffusion time (t1) obtained through the volume element is relatedand normal mouse IgG2b (Zymed, San Francisco, CA, USA) were
with the diffusion constant, so that we use the term of diffusion timeprepared, using ImmunoPure Fab Kit (Pierce, Rockford, IL, USA)
in Results and Discussions.according to the manufacturer’s instructions. Antibodies were ap-
The data analysis was performed using the nonlinear least squaresplied to the bath solution with appropriate concentration. To deplete
method with a computer program (FCS ACCESS fit, EVOTEC Bio-Fab fragments of H2 in functional blocking solution, we used recom-
Systems GmbH, Hamburg, Germany).binant kinesin heavy chain beads. Briefly, the N-terminal 411 amino
acids of KIF5C with histidine-tag were produced as described pre-
viously (Okada and Hirokawa, 1999), dialyzed in solution containing Acknowledgments
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